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INTRODUCTION
FeCrAl alloys have been proposed as accident tolerant fuel cladding concepts to replace Zr-based alloys in light water reactors [1] . One of the aspects of the viability of these cladding materials that needs to be assessed is their thermo-mechanical performance under normal operating conditions. This assessment can be carried out effectively using fuel performance analysis codes assuming detailed and accurate temperature-and dose-dependent material property data are available. Therefore accurate material property information is necessary that needs to be obtained using well-controlled experiments on applicable materials.
One important input into fuel performance analysis tools is the elastic modulus of the cladding. This study aims to provide accurate data on the elastic modulus of FeCrAl cladding as a function of temperature.
Although there is information available in the literature regarding a number of commercial alloys, this study specifically examines nuclear-grade alloys under development at ORNL [2] .
EXPERIMENT APPROACH
Resonant ultrasound spectroscopy (RUS) [3] was used to determine, for several FeCrAl alloys, Young's modulus and Poisson's ratio as a function of temperature. The experiments were performed at room temperature and at several other temperatures up to 850°C. Additional measurements were also made as the samples cooled from 850°C to room temperature to investigate any possible effect of heating on microstructure that might lead to a change in the elastic modulus. The tests were carried out on six different alloys, produced at ORNL [2] , with the compositions specified in Table 1 . The alloys were all in the fully annealed condition (T<700°C).
FeCrAl alloy disk specimens, 15 mm in diameter and between 1.2 mm and 2.0 mm in height, were prepared from plates by electrical discharge machining using a Robocut α-oiA machine with a Fanuc Series 18i-W controlling unit. To remove the oxide layer and produce flat specimens, a table grinder was used to achieve flatness of ± 0.6% of the average height. This is important since a well-known and flat geometry is critical for reliable analysis of RUS data. The disks initially underwent room temperature scans on a Quasar RUSPEC. The spectra were viewed using Galaxy software and the elastic moduli were calculated from the spectrum peaks and density using CylModel v2.68b software. For high temperature testing, the RUS probes and sample were placed inside a furnace that was purged of oxygen. Ar with < 10 ppb of O 2 , < 20 ppb of H 2 O, < 100 ppb of THC, and < 5 ppm of N 2 was cycled through the system during testing. The furnace started at room temperature (around 22 °C) and ramped up to 50 °C at a rate of 3 °C / min. It then soaked at 50 °C for 20 min. After that, the furnace ramped up at a rate of 3 °C / min stopping every 50°C for 20 min up to 850°C. The furnace then cooled back down to room temperature at a rate of 3 °C / min stopping every 50 °C until it reached 100 °C. At this point the furnace was turned off allowing the sample in the furnace to cool down to about 60 °C and then air cool back to room temperature. Scans were taken at initial and final room temperatures and at 100 °C, 200 °C, 300 °C, …, 800 °C, and 850 °C while heating and 700 °C, 500 °C, 400 °C, 300 °C, 200 °C, and 100 °C while cooling. The scans were initiated by Universe software after 10 min once soaking began and saved by Galaxy software. Each spectrum was later fit and the elastic moduli calculated using CylModel v2.68b software. 
RESULTS AND DISCUSSION
Elastic moduli of the various ORNL FeCrAl alloys examined in this study are plotted in Figure 1 as a function of temperature. Also, for the sake of comparison, the elastic modulus of Zircaloy as well as two dispersion strengthened FeCrAl alloys are included in the figure. Note that the wrought FeCrAl alloys exhibit an elastic modulus 2.1× greater than Zr-based alloys at RT. This ratio monotonically increases to 2.7 at 850°C. Though some variation is observed among the data for the various wrought alloys, no significant difference between the moduli of the alloys as a function of major alloying elements (Cr and Al) is noted. The C series alloys that contain 2wt% Mo appear to have a slightly higher elastic modulus. In any case, these small variations may be neglected and an overall polynomial fit to the modulus data as a function of temperature can be produced, as shown in Eq. (1).
where E is the elastic modulus in GPa and T is temperature in °C. Figure 2 shows the value of Poisson's ratio for the various ORNL wrought FeCrAl alloys as a function of temperature. Again, no major trend as a function of major alloying elements is observed in this dataset. The Poisson's ratio for all the alloys increases slightly with increasing temperature; this trend is approximated with a linear fit from room temperature to 700°C: In case of both the elastic modulus and Poisson's ratio, very similar values are obtained during the heating and cooling curves for the various wrought FeCrAl alloys. High temperature annealing does not seem to affect the value of the Young's modulus, though this is expected since most of the alloys were fully annealed at T>700°C prior to testing.
SUMMARY
Resonant ultrasonic spectroscopy was used to determine the elastic modulus and Poisson's ratio for the various wrought FeCrAl alloys produced at ORNL as a function of temperature. The alloys were in the fully annealed and unirradiated state. The elastic modulus of these ferritic alloys was 2.1-2.7× larger than that of Zr-based alloys over the temperature range of this study (25-850°C). This higher modulus value will enable utilization of thinner cladding that is envisioned for FeCrAl alloys. The Poisson's ratio of the alloys increased slightly with increasing temperature over this range. 
